The principles underlying the numerous methods which have been proposed for determining the output of the heart in man are two in number: 1, application of the Fick principle, which involves an indirect determination of the oxygen or carbon dioxide tensions in the mixed venous blood by rebreathing; and 2, the use of an indifferent foreign gas as proposed first for nitrogen by Bornstein (1910) . It is the second of these principles which the present method utilizes.
A considerable number of experiments were carried out with ethylene along the same general plan as used with nitrogen (Marshall, Harrop, and Grollman, 1928) in order to avoid the errors and difficulties of the nitrogen procedure. A method utilizing ethylene was developed along these lines but proved quite cumbersome. With the experience gained from this work, we have modified the entire procedure and developed a method which is extremely simple, and which withstands all the tests of accuracy which we have applied. It is essentially a modification of the nitrous oxide method described many years ago by Krogh and Lindhard (1912) . Since various criticisms of the Krogh-Lindhard method have appeared, we have attempted to test experimentally each assumption upon which the present procedure depends. Low concentrations of ethylene were used in all of the preliminary experiments which led to the development of the finally adopted method.
High concentrations of ethylene and nitrous oxide have also been used, and the results obtained with the method using ethylene in low and high concentrations and nitrous oxide compared.
METHOD.
The procedure which we finally adopted for determining the blood flow through the lungs and hence the output of either ventricle is as follows: A rubber bag, D, ( fig. 1 ) of about 2.5 to 3.0 liters capacity is attached to a large three-way metal tap, B, similar to that used in respiratory work with the Douglas bag. A mouth-piece, A, is placed on the other end of the tap so that the subject can breathe either from the outside air, C, or from the bag, D. Between the mouth-piece and tap two small flexible metallic tubes,' F, of 0.5 mm. bore are inserted, and the other ends arranged to fit over evacuated mercury sampling tubes, N. The apparatus is pictured in figure 1 .
The oxygen consumption of the subject is first determined by any suitable method. We have used the Krogh (1923) recording spirometer for determining basal metabolism.
While this determination is in progress, about 2.4 liters of a 4 per cent mixture of ethylene in air is introduced into the bag. The two sampling tubes are evacuated and attached to the metallic tubes, F. A few minutes after the oxygen consumption experiment has ended, the subject's nose is occluded with a clip, and he pIaces his mouth over the mouth-piece.
The subject now makes a quick forced expiration, Fig. .l the tap is turned to communicate with the bag, and the subject rebreathes from the bag, care being taken to empty the bag each time and to take at least 5 or 6 breaths in 15 seconds. The experimenter opens the tap of one of the sampling tubes 15 seconds after commencing the experiment, and the tap of the other about 12 seconds later. The experiment is now concluded by analyzing the two samples for oxygen, carbon dioxide and ethylene.
After the analyses are completed, the output of the heart may be calculated. The method of calculating the blood flow is the very simple one proposed by Lindhard (1923) . The first sample is assumed to be taken at a time when complete mixture between the bag and lung air has been attained (15 seconds). The percentages of both ethylene and oxygen in the second sample are lower than in the first because the blood flowing through the lungs has absorbed a certain amount of each of these gases. If one corrects for the change in volume of the lung-bag system by means of the nitrogen percentages of the two samples, the relative amounts of oxygen and ethylene taken up by the volume of blood flowing through the lungs between the times of the first and second samples will be proportional to the difference in percentage of the oxygen content of the two samples divided by the difference in percentage of the ethylene content.
The principle of the method and calculation can be illustrated by .thc following:
Let V represent the volume of gas in the lung-bag system when the second sample is taken. Also let (O&, (CzH#, (CO& and (N# represent the per cent composition of these gases in the first sample taken and (O2)lI, (C&H&, (CO& and (N&I similarly and represent it by (C2H&oor, relation (1) becomes
One liter of blood at body temperature absorbs 123 cubic centimeters of ethylene when the latter is at standard conditions. If the atmospheric *pressure during the experiment was B, the tension of gases (exclusive of water vapor) in the lung will be B-48.3, and the amount of ethylene absorbed by one liter of blood under these conditions will be B -48 
In order to derive a value for the blood flow under normal conditions, we must take into consideration the rate of absorption of oxygen during the experiment.
We can derive an expression analogous to (2) for the amount of oxygen absorbed in the interval of time betweenthe collection of samples I and II:
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This expression divided by (4) gives an expression (6) for the oxygen absorbed by 1 liter of blood during the period in question.
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All the factors involved in this last equation are known and hence the value for the oxygen utilization or oxygen absorbed by 1 liter of blood in its passage through the lungs, may be determined. It will be noticed that neither the volume of the system, V, nor the time of the collection appears in expression (6), and hence these factors need not be accurately determined in the experiment.
Having determined the oxygen consumption of the individual whose blood flow is to be determined, it is only necessary to divide this quantity expressed in cubic centimeters per minute by the arterio-venous oxygen difference as calculated from (6) to obtain the blood flow or output of one ventricle per minute, under the conditions obtaining when the oxygen consumption was determined.
A typical example of an actual experiment may be quoted. Our procedure differs from the well-known method of Krogh and Lindhard as later modified by Lindhard (1923) principally in that the subject rebreathes continuously during the experiment and that the whole procedure is prolonged considerably beyond the time (15 seconds) recommended by Lindhard (1925) in his latest description of the method. Holding the breath and the collection of two alveolar samples is entirely avoided.
Any indirect method for determining the circulatory minute volume in man which depends we have upon certain underlying described the following assumptions.
In the pro have been assumptions lcedure made : 1, that in a lung-bag system under the conditions of our experiments mixture of the gases will result after 5 or 6 rebreathings in 15 seconds; 2, that the value 123 cc. per liter represents correctly the solubility of ethylene in different human bloods; 3, that equilibrium is attained between the ethylene in the alveolar air and the arterial blood; 4, that the time allowed for the procedure is su5ciently short to prevent any appreciable return of blood containing ethylene; 5, that the oxygen content of the mixed venous blood is constant during the procedure and exactly the 6, that by the no appreciable tissues of the same as just before the is introduced bY error rebreathing experiment ; and any absorption of ethylene mouth, respiratory tree, an .d lun .gs. Provided these assumptions are rect, any change in blood flow produced by the rebreathing or by corany pharmacological effect of the foreign gas cannot influence the value of the minute volume as finally calculated. The main criticisms which have been brought against the Krogh-Lindhard method are 1, that incomplete mixture exists in the lungs at the time of taking the first alveolar sample; 2, that the expiration of only a portion of the air or a half expiration cannot be relied on to give a true alveolar sample, and 3, that the correction used for an increased blood flow during the experiment is not justified (Sonne, 1916 (Sonne, , 1918 Haldane, 1922; Henderson, 1923) . Krogh and Lindhard (1917) in a later communication have considered these criticisms and do not believe that they method. We have avoided the i ntroduce an appreciable error into their second criticism and will now discuss the other criticisms in so far as they apply to our pro lcedu re as well as our justification for increasing the time of the experiment and using the rebreathing procedure along with the evidence which we have collected as to the valid-ity of the assumptions mentioned above. Before discussing these matters, certain details of the analytical procedure used must be considered.
Analysis of ethylene. For the determination of low concentrations of ethylene in air (up to 3 per cent) the combustion method has been used. A special gas analysis apparatus (with graduations between 47 and 50 cc.) utilizing a 50 cc. sample and equipped with a Pettersson (1886) oil bubble for the control tube has been used. Since the contraction on burning is twice the volume of ethylene present, a high degree of accuracy can be attained.
No rubber connections have been used, all connections being sealed glass to glass. With a long platinum spiral in the combustion chamber one minute suffices for complete combustion.
Details of the combustion method, as used here, are similar to those given by M. Krogh (1914-15) for carbon monoxide analyses. An analysis requires about 5 minutes for completion.
Over 3.3 per cent ethylene should be carefully avoided as a very violent explosion may occur (for explosion limits see Berl and Fischer, (1924) Such accuracy is essential in using a low concentration of ethylene as the total difference in the percentages of ethylene between the two samples is only 0.050 to 0.100 per cent.
Higher concentrations of ethylene have been analyzed by absorpt.ion in a solution of 20 per cent mercuric nitrate in 2 N nitric acid (Treadwell and Tauber, 1919) . Before absorption, we have found it necessary to remove the carbon dioxide as this gas is also slowly absorbed by the reagent. For our analyses we have used an apparatus with a 25 cc. burette and a Pettersson oil bubble.
The absolute accuracy of an analysis is about rtO.02 per cent. The analyses take somewhat longer than the combustion method.
In both cases the oxygen and carbon dioxide have been determined on a separate 10 cc. sample by some modification of the ordinary Haldane apparatus.
Completeness of mixing in lung-bag system. When the first sample of gas is taken it is essential that the lung-bag system be a homogeneous mixture whose composition is accurately represented by this sample. Theoretically this can never be attained absoluteIy since exchange of gases is constantly taking place across the pulmonary epithelium.
Practically, however, if the conditions are such that a homogeneous mixture would have resulted, had no gaseous exchange taken place in the lungs, no error will be involved. This is true because the absolute period of time elapsing between the two samples does not enter into the final calculation, and because the relative change in composition produced by exchange of gases in the lungs is small compared to the total concentrations present.
We have investigated the conditions necessary for mixing, and the details of this investigation are reported in a separate communication (Grollman and Marshall, 1928) . It is sufficient to state here that the optimum conditions for mixing are the use of about 2.4 liters of gas in the bag, a minimum amount of air left in the lungs (residual air), complete emptying of the bag at each inspiration, and at least 5 or 6 respirations carried out in a period of 12 to 15 seconds. Individuals vary somewhat in the time and number of respirations necessary to secure homogeneous mixture.
None of the individuals studied failed to obtain homogeneous mixture with 5 respirations taken in 15 seconds.
Lindhard (1925) believes that if more than 3 breaths are taken in the preliminary period of the Krogh-Lindhard method, the result may be in error. We attribute this result to incomplete mixing, but it cannot be tested with any degree of accuracy. In a few experiments we have compared t.he result obtained with different rates of breathing and in all cases in which mixing was complete, the results agreed within the error of the procedure. Moreover, it seems improbable that taking more than three breaths can change the composition of the returning venous blood, which is the only way in which the final result can be influenced.
In a later section, the evidence for the constancy of the oxygen content of the mixed venous blood is discussed.
Solubility of ethylene in blood. The solubility of ethylene in blood must be accurately known in order to determine the blood flow by this method. Nicloux and Yovanovitch (1925) have determined the amount of this gas in the blood of dogs during anesthesia. They found that blood contained 8 to 10 vol. per cent of ethylene when the inspired air contained 65 to 77.5 per cent of the gas, and in both in vitro and in vivo experiment.s demonstrated that the red blood corpuscles contain a little over twice as much ethylene as the plasma.
The solubility of ethylene in human blood was determined by equilibrating at 37.5' ho.1 about 15 cc. of freshly drawn oxalated venous blood in an 800~~. tonometer with a mixture of 60 to70 per cent of ethylene in air. Five cubic centimeters of this blood were extracted three or four times in the Van Slyke-Stadie apparatus, the total gas obtained from each extraction being washed with the aid of air into a sampling tube over mercury. The combined extractions and washings were transferred to the 50 cc. gas analysis apparatus and the ethylene determined by combustion.
Du plicate determinations were always carried out and found to agree closely. From the analysis of the mixture to which the blood was exposed in the tonometer, the barometric pressure, and the blood gas analyses, the solubility coefficient of ethylene was calculated.
The following table gives the results on the bloods of five normal subjects. a is the Bunsen absorp-E. K. MARSBALL, JR. AND ARTHUR GROLL&fA,N tion coefficient, i.e., the volume of gas reduced to 0' and 760 mm. which is dissolved by one volume of blood, at 37.5", when the partial pressure of the gas is 760 mm. We have also determined the solubility in water using the same method as for blood and found a value of 80 cc. per liter. In dog's blood the solubility is higher than in man's, being about double that for water. The average value of 123 cc. per liter for blood is much greater than the solubility in water, whereas, according to Bohr's (1905) investigations, one would expect a solubility in blood slightly less than that of water.
Equilibrium between blood and alveolar air. It is essential to demonstrate that equilibrium of ethylene is attained between alveolar air and the blood in the pulmonary capillaries. From what is known of the diffusion of carbon dioxide and oxygen from alveolar air to blood, one would expect that equilibrium would -be attained with ethylene, but we have considered it worth while to test the matter by experiment.
Although this could be done on man by means of arterial puncture, our experiments have been carried out on dogs and from the results obtained it seems safe to conclude that in a normal man equilibrium also occurs between alveolar air and blood.
Two experiments have been performed, the essentials of which are given below. Experiment 1. Dog, weight 20 kilograms.
Given 120 mgm. morphine and later 1 gram of sodium veronal.
Tracheal tube with side qpening carrying a lung catheter inserted.
Arranged to breathe through valves a mixture of ethylene, oxygen, nitrogen and 5 per cent carbon dioxide.
Breathing started at 0 minute. Saphenous nerve stimulated for 30 seconds to stimulate respiration.
Samples of alveolar air taken by lung catheter and blood drawn from femoral artery simultaneously at various times and analyzed for ethylene. In order to determine how quickly this equilibrium is attained the following experiment was performed.
Experiment 2. Dog, weight 24.5 kilograms.
Given 180 mgm. of morphine. A large Douglas bag containing 100 liters of a mixture of ethylene, oxygen (20 per cent) and nitrogen was arranged so that it could be quickIy connected to a short glass tube inserted into the trachea.
In the first observation artificial forced respiration was given the animal by manual manipulation of the chest wall and bag. Fifteen seconds after commencing the breathing a sample of blood was taken from the femoral artery, and the bag removed from the tracheal tube. After breathing air, for fifteen minutes, the bag was again attached and the experiment repeated, but the increased respiration was obtained by stimulation of the central end of the cut saphenous nerve. A sample of blood was taken at 15 seconds and a second one at 3 minutes and 15 seconds. A sample of blood removed from the dog at the end of the experiment was equilibrated with the mixture in the bag at 37.5O and gave a value of a = 0.157. Another sample equilibrated with 24 per cent ethylene gave CY = 0.159, while a third sample equilibrated with 48 per cent ethylene gave a! = 0.155, Time allowable for the rebreathing procedure.
In order to obtain correct results by the procedure which we have described it is essential that the whole determination be completed before 1, any appreciable amount of the foreign gas is contained in the venous blood coming to the lungs, and 2, the oxygen content of the venous blood undergoes any appreciable change. The first of these requirements necessitates the completion of the experiment within the time of a single circulation.
This time, of course, is very variable depending greatly upon the particular circuit in the body traversed by the blood, for example the marked differences which must exist in the time required for blood to traverse the coronary circuit on the one hand or to completely circulate through the foot on the other. It is essential that the time be sufficiently short so that sufficient blood does not complete its circuit and introduce an appreciable error. Blumgart and Weiss (1927) have recently found that the circulation time in the normal human subject, from an elbow vein of one arm to the brachial artery of the other arm, varies from 14 to 24 seconds. We can add at least 6 seconds E. K. MARSHALL, JR. AND ARTHUR GROLL'MAN for the time necessary for the blood to go from artery to capillary and back to vein, which gives us 20 to 30 seconds as the minimum time of the arm circuit. It, therefore, seems unlikely that any appreciable blood could return in 25 seconds.
That the oxygen content of the mixed 'venous blood remains constant during the experiment is difficult to establish with certainty. This, however, is an underlying necessary assumption in all the methods for determining the oxygen or carbon dioxide tension of the mixed venous blood. The time allowed in various procedures of this type has been usually about 15 to 30 tieconds. The main danger appears to be that the abnormal breathing during the procedure may speed up the blood flow through the lungs and from this cause accelerate the passage of blood through the 12'7 capillaries, which will necessarily change its oxygen and carbon dioxide contents if the oxygen consumption remains unchanged. Any change in the relative blood flow through areas which have markedly different oxygen utilizations would also influence to some extent the composition of the mixed venous blood returning to the right heart. Since, however, probably more than one-half the total blood of the body is on the venous side of the circulatory system, it would be some time before this effect would a.ppear.
The most satisfactory method which we have used for estimating the magnitude of errors which might arise from these sources, and of justifying our extension of the procedure to 25 or 28 seconds, is a comparison of the results obtained when the two samples were collected at different times. The results upon several individuals would seem to prove conclusively that in 25 to 28 seconds no appreciable error is introduced from the above mentioned causes, and, indeed, show that one can in many cases prolong the time still more. The above table (table 2) , gives the results.
Change in the blood jlow during the experimental procedure. In the original form of the nitrous oxide met.hod of Krogh and Lindhard (19i2) a correction for the increased blood flow caused by changes in respiration during the experiment had to be made. The use of this correction has been criticized (Haldane, 1922; Henderson, 1923) on the ground that it was due to incomplete mixing. In the later method of calculation adopted by Lindhard (1923) and used by us in our procedure, such a correction is not apparent.
However, calculating the oxygen consumption from the residual air of the subject and the amount of gas contained in the bag shows that in most experiments the blood flow is changed by the experiment al procedure. We have proven that mixture is complete in our procedure so that the increased oxygen consumption cannot be an apparent one due to this cause. As long as the oxygen cont,ent of the mixed venous blood returning to the right heart remains constant, it is obvious. that any change in blood flow cannot affect the calculation of the arterio-venous difference. It is also worth stating again that unless the oxygen and carbon dioxide contents of the mixed venous blood remain unchanged during the experiment any form of the Fick principle, as applied to man, ? is invalid.
In our experiments where the residual air of the subject is known, we can calculate from the time, the oxygen difference between the two samples and the total volume of the lung-bag system, the oxygen absorption per minut.e during the experiment.
This compared to the oxygen consumption determined with the Krogh spirometer tells us how much and in what direction the blood flow has been changed by the breathing procedure. In most cases where such calculation has been made we find an increase in blood flow, but in many instances calculation indicates that the blood flow must have been decreased during the breathing procedure. Moreover, in duplicate estimations of the circulation carried out at the same sitting, the oxygen and ethylene differences between the two samples may be quite different while the blood flows calculated from these sets of figures agree. This can only mean that the blood flow has been affected to a different extent in the two experiments by the breathing, but that such changes do not influence the calculation of the arterio-venous oxygen difference.
In several instances where duplicate determinations of blood flow were made we have noted that in one case the experimental procedure has caused a decreased and in the other an increased blood flow, but that the value of the arterio-venous difference is the same. Two examples of markedly different changes in blood flow during the experiment may be quoted.
I. Subject's residual air = 1150 cc.; amount of gas mixture in bag = 2100 cc., both reduced to S.T.P. In the first experiment the oxygen difference of the two samples was 0.71 per cent; in the second experiment it was 1.42 per cent. Time between two samples in each experiment was 14 seconds. Calculation indicates that in ikst experiment oxygen absorption was 99 cc. per minute and in second 201 cc. per minute.
Oxygen absorption just before rebreathing experiment was 213 cc. Therefore, the blood flow was decreased in the first to 46 per cent and in the second to 94 per cent of the normal.
Arterio-venous differences for oxygen were 30 and 32 cc. per liter.
II. Subject's residual air = 1000 cc., and amount of gas in bag = 2000 cc., both reduced to S. T. P. In the first experiment the oxygen difference was 3.52 per cent, corresponding to an oxygen consumption of 105.6 cc. during 12 seconds. In a second experiment, carried out one-half hour later, the oxygen difference was 1.81 per cent, corresponding to an oxygen consumption of 54.3 cc. in 12 seconds. The oxygen consumption before the experiment was 259 cc. per minute in the first case and 257 cc. in the second. The blood flow during the rebreathing was increased 100 per cent in the first experiment, and 5 per cent in the second, over the normal.
The arteriovenous oxygen differences were 63 and 60 cc. per liter of blood, respectively.
Use of higher concentration of ethylene and nitrous oxide. As pointed out by Krogh and Lindhard (1912) if the general principle of using a foreign indifferent gas for determining the blood flow through the lungs is correct, the same results should be obtained with different gases. As a matter of fact, they tried to check their nitrous oxide method by using nitrogen and hydrogen to determine the blood flow. In both cases they obtained values which were too high but explained these as being due to the fact that the tissues of the respiratory tract give off excessive amounts of nitrogen and absorb excessive amounts of hydrogen.
The difficulties in the use of nitrogen have been discussed elsewhere, and hydrogen is so little soluble in blood that small errors in analyses make a large error in blood flow. To investigate the errors which may occur from the absorption of the foreign gas by the lung tissues, to rule out any disturbing pharmacological effect of the ethylene, and also to further test our method, we have attempted to use other foreign gases. An examination of gases for their suitability indicates that few are available-ethylene, nitrous oxide, propylene, acetylene, and a few others. We have compared, in a series of individuals, the minute volumes determined by the use of low concentrations of ethylene (2 per cent), high concentrations of ethylene (15 per cent) and nitrous oxide (12 per cent).
The low concentrations of ethylene were analyzed by combustion, the high concentrations by absorption in mercuric nitrate and the nitrous oxide by combustion with hydrogen.
The coefficient of solubility (a) for nitrous' oxide in human blood has been taken as 0.405 (Lindhard, i915) . The above table (table 3) , indicates that the results of the three methods agree extremely well. All the determinations were made on subjects in the basal condition after about 1 hour's rest in a steamer chair.
Each of the three procedures used possesses certain advantages and also certain d&&vantages.
In the low ethylene method a gas mixture can be made up in a large Douglas bag and used for several days, as it diffuses through rubber extremely slowly. The low concentration is practically tasteless and not at all objectionable to the subject, but a special gas analysis apparatus must be used for the ethylene analyses, besides the ordinary apparatus for determining the oxygen and carbon dioxide. Despite the necessity of using two gas-analysis apparatuses the analyses can be completed very quickly and accurately.
A large sample (about 80 cc.) is required for a complete analysis. In the high ethylene procedure the main objection is the disagreeable taste and odor of the mixture.
Two gas analysis apparatuses are also required here. Nitrous oxide is practically tasteless and its solubility in blood is high enough to allow sufficiently accurate analyses to be made for nitrous oxide, oxygen, and carbon dioxide in a single apparatus using a 10 cc. sample. One must take the precautions described by Lindhard (1915) but with proper care and skill a high degree of accuracy is easily obtainable.2
The solubility of both ethylene and nitrous oxide in blood is greater than would be expected from their solubility in water. Bohr found the solubility of chemically inert gases in blood to be 92 per cent as great as in water. The solubility of ethylene in water at body temperature is 80 cc., and in blood 123 cc. per liter instead of the calculated 74 cc. Nitrous oxide is, however, only slightly more soluble in blood than would be expected from its solubility in water (Siebeck, 1909) . Since Nicloux's work proves that the increased solubility of ethylene in blood is due to the corpuscles, it is reasonable to think that marked changes in the red cell count or hemoglobin might affect the solubility.
Such differences as occur in normal men do not seem to introduce any serious error (our solu .bility determinations on fi ve men varied only from 120 to 127 cc. and comparison of the blood flow on seven men with ethylene and nitro us oxide gave identical results). Under than .ged physiological condi .tions in normal man or in diseased individuals where the red cell count or hemoglobin may be changed, an error may be introduced into the blood flow determination if made with ethylene; but, with nitrous oxide, the error would be much smaller and probably insignificant.
Unless, therefore, the change in solubility of ethylene iS corrected for in some way under these conditions it would be better to use nitrous oxide for blood flow determinations under all abnormal conditions and in all abnormal individuals.
We have used the low ethylene and the nitrous oxide procedures extensively in our work. On account of the questionable change in solu-. . blh we ty of ethylene in blood with varying red cell count and hemoglobin, have lately adopted the use of nitrous oxide almost entirely. Under conditions where the red cell count and hemoglobin are normal and do not change during the experiment the low ethylene procedure may possess certain advantages.
Details of the procedure. There are certain details of experimental technique involved in the determination of the cardiac output which may be briefly described.
2 An ordinary Haldane apparatus with combustion chamber attached can be used for this analysis.
We have used a modified form of this apparatus. It is advantageous to make the combustion pipette of Pyrex glass (to avoid any breakage) and to use a rather long platinum spiral (6 inches,of wire, B and S 27). In place of a Kipp generator, we have used ordinary commercial electrolytic hydrogen, and removed the last traces of oxygen by absorption in pyrogallol.
The attainment of mixture as discussed above, is of paramount importance. Although 15 seconds usually suffice in normal individuals for attaining mixture, it is essential that all precautions be taken to assure this mixture.
The degree of mixture attained in any case may be directly determined by the use of hydrogen (Grollman and Marshall, 1928) ; or duplicate determinations of the cardiac output may be made, collecting the samples at different times; e.g., at 15 and 22 seconds after the beginning of the rebreathing and at 18 and 25 seconds, respectively. The results should agree if mixture is complete at 15 seconds. In doing a series of determinations on the same individual, it is necessary to wait a sufficient length of time between successive experiments, in order to allow the body to rid itself of the foreign gas (nitrous oxide or ethylene) which it has absorbed during the preceding experiment.
Determination of the length of time after the completion of an experiment, during which the foreign gas could be detected in the alveolar air is shown in the above tables (tables 4 and 5).
It will be seen from the above data of tables 4 and 5 that 10 minutes suffice for the elimination of the ethylene absorbed by rebreathing it for 30 seconds while 15 minutes are necessary for the elimination of the nitrous oxide. In carrying out successive experiments it has, therefore, been our practice to allow 15 minutes between rebreathings.
In preparing the mixtures to be rebreathed, allowance must be made for the volume of the residual air of the subject in order that the concentration of gas in the collected samples be about 1.5 to 2.5 per cent in the case of low ethylene; 10 to 18 per cent in the case of high C&H* concentrations; and 10 to 15 per cent in the case of nitrous oxide mixtures. These final concentrations can be readily attained if an approximately 3.5 per cent mixture of CzH4 in air is used in the first case and a 20 per cent mixture of either C&a or NZO be used in the other cases. The last two mixtures must be enriched with oxygen in order to make the oxygen content of the second sample about 15 per cent. These mixtures may be most conveniently prepared by diluting one part of a mixture of 80 per cent of the foreign gas and 20 per cent of oxygen with three parts of air.
In taking the samples, evacuated tubes are used in order to allow instantaneous collection. The sampling tubes are evacuated by means of an ordinary water pump which is connected to the reservoir-tube. Several evacuations are necessary for removing the last traces of air and care should be taken that there is no leakage of air into the sampling tubes from the time that they are evacuated until the samples are actually taken.
The exact times at which samples are taken need not be known. However, these should be known sufficiently accurately to prevent taking the first sample before mixture is attained and the second before a circuit of blood has taken place. Using nitrous oxide, it is unnecessary to prolong the procedure longer than 25 seconds. A stop-watch should be used.
Accuracy of the method. If the conditions outlined above are carefully followed, one can obtain a high degree of accuracy in the final result. Assuming that complete mixture has taken place, errors due to the rest of the procedure (analyses and determination of oxygen consumption) should not be greater than 10 per cent on a satisfactory subject. Failure to obtain complete mixture may involve an error of as much as 50 per cent.
Duplicate analyses for oxygen and nitrous oxide should agree within the accuracy of the analytical method, which would involve an error in blood flow not greater than 5 per cent. The determination of the oxygen consumption on most subjects introduces only a slight error (less than 5 per cent), but an error in this determination will cause a corresponding error in the final calculation of minute volume.
Duplicate determinations made at the same sitting on a subject under constant conditions have agreed well within the above described error. The following table (table 6) illustrates the agreement of duplicate results when taken at the same sitting on a subject in the basal condition. These results include all duplicate determinations made by us daring the month of January, 1928. Our later duplicate results show even better agreement than the above. (table 7) ) are collected results which we'have obtained on normal individuals.
All determinations were made early in the forenoon under basal conditions.
The subjects came to the laboratory without breakfast and sat reclined for an hour in a steamer chair with feet supported.
All determinations were made in this posture.
Most of the values are averages of duplicate determinations which agreed closely (see table 6 ). Together with the values for the circulatory minute volume (C. M. V.) are given certain other data and calculations which may be of interest.
It is evident that with one exception all the values range from 3.0 to 5.2 liters. In the case of the two individuals on whom several determinations have been made on different days, it is Since there is considerable evidence that in the non-basal condition and without a preliminary rest period, the circulatory minute volume may be considerably different from that obtained in the basal condition, our results are only comparable to those obtained under similar conditions. Unfortunately, very few determinations have been made in this standard condition.
Moreover, results on a series of individuals, sufficiently large to make comparison worth while, are few.
Determinations using the nitrous oxide method of Krogh and Lindhard in the basal condition have been reported by Liljestrand and Stenstrijm (1925) . In ten subjects in the recumbent position they found average values ranging between 3.0 and 4.6 liters. In general, they made six determinations on each individual, three on one day and three on another. These triplicate determinations at the same sitting show maximum variations of 0.5 to 0.9 liter in most instances, but this variation may amount to as much as 2.0 liters, and in a few individuals less than'0.4 liter. From our results we may conclude that these variations on the same day cannot be due to actual changes in'blood flow, but result from inaccuracies in the method employed.
It is in respect to this ability to duplicate results much more closely that we consider our procedure superior as regards accuracy to that of Krogh and Lindhard.
Of the various procedures for determining the arterio-venous oxygen difference and applying the Fick principle, that of Burwell and Robinson (1924) appears to us to have been most carefully controlled and trustworthy in regard to accuracy. They report determinations on 11 individuals in the sitting position under basal conditions. These results varied between 3.5 and 6.8 liters, with only two results above 4.7 liters. Eppinger, v. Papp and Schwarz (1924) , although using what appears to be a less satisfactory procedure, report results of the same order of magnitude.
We have attempted to compare our method with the Fick principle using the elimination of carbon dioxide by the procedure described by Field, Bock, Gildea and Lathrop (1924) .3 Although excellent agreement was obtained between the two methods in the case of one individual, results on two other individuals gave variable results which, in general, were much higher than those obtained by our method. Moreover, repeated determinations by their procedure at the same sitting show much greater variation than can be accounted for by any known error in the method, and hence we consider that the average obtained from these measurements (as must be done to make a single determination) may be in error. The published results of Field and Bock (1925) in the sitting position in 10 subjects in the basal condition show values between 4.3 and 7.1 liters, but the values in the case of 8 of the 10 individuals range from 5 to 7 liters. These results are seen to be of a higher order of magnitude than those of other methods which we have recorded above as well as our own.
The results reported by the ethyl iodide method of Henderson and Haggard (1925) are in general much higher than those reported here. Recent criticism of some of the fundamental assumptions of the ethyl iodide procedure (Moore, Hamilton and Kinsman, 1926; Starr and Gamble, 1926; Barcroft, 1927; Wright and Kremer, 1927; Henderson and Haggard, 1927) make it at present difficult to attempt to harmonize the higher values obtained by this method with our own. SUMMARY A method is described for the determination of the circulatory minute volume in man by using a foreign gas and determining the rate of its absorption through the lungs as compared to the rate of oxygen absorption. The technique involved is simpler and the variation between duplicate determinations is much less than that obtained by the procedure of Krogh and Lindhard.
The underlying assumptions of the method have been critically examined and their validity experimentally tested. Determinations of the circulatory minute volume using low concentrations of ethylene, high concentrations of ethylene, and nitrous oxide, gave values which agreed within the experimental error of the procedure. Determinations on 16 normal individuals in the sitting posture and under basal conditions, gave values ranging from 3.0 to 5.0 liters. Duplicate determinations on the same individual always agreed within 10 per cent.
